Sangeeta Senapati, MD, MPH; Xiaojie Zhou, MD; Wei Li, MD; Pottumarthi V. Prasad, PhD BACKGROUND: The lack of noninvasive methods to study dysmenorrhea has resulted in poor understanding of the mechanisms underlying pain, insufficient diagnostic tests, and limited treatment options. To address this knowledge gap, we have developed a magnetic resonance imagingebased strategy for continuously monitoring the uterus in relationship to participants' spontaneous pain perception. OBJECTIVE: The study objective was to evaluate whether magnetic resonance imaging can detect real-time changes in myometrial activity during cramping episodes in women with dysmenorrhea, with a handheld squeeze bulb for pain reporting. STUDY DESIGN: Sixteen women with dysmenorrhea and 10 healthy control women both on and off their menses were evaluated with magnetic resonance imaging while not taking analgesic medication. Continuous magnetic resonance imaging was acquired using half-Fourier acquisition single-shot turbo spin echo sequence along with simultaneous reporting of pain severity with a squeeze bulb. Pearson's coefficient was used to compare results between reviewers. Proportional differences between women with dysmenorrhea and controls on/off menses were evaluated with a Fisher exact test. The temporal relationships between signal changes were evaluated with Monte Carlo simulations. RESULTS: Spontaneous progressive decreases in myometrial signal intensity were more frequently observed in women on their menses than in the absence of pain in the same women off their menses or participants without dysmenorrhea (P < .01). Women without reductions in myometrial signal intensity on their menses either had a history of endometriosis or were not in pain. Observations of myometrial events were consistently reported between 2 raters blinded to menstrual pain or day status (r ¼ 0.97, P < .001). Episodes of cramping occurred either immediately before or 32e70 seconds after myometrial signal change onset (P < .05). CONCLUSION: Transient decreases in myometrial uterine T2-weighted signal intensity can be reliably measured in women with menstrual pain. The directionality of signal change and temporal relationship to pain onset suggest that cramping pain may be caused by a combination of uterine pressure and hemodynamic dysfunction. Some women with severe dysmenorrhea, refractory to nonsteroidal antiinflammatory drugs, undergo repeated surgeries in search of secondary causes such as endometriosis or ovarian cysts, yet many still do not achieve pain relief. 3, 4 While refractory menstrual pain is commonly attributed to uterine contractions and ischemia, noninvasive methods have not been developed to confirm these or other factors to further direct treatment strategies. 2 Cine magnetic resonance imaging (MRI), which involves obtaining a continuous series of magnetic resonance images and is a common feature available on clinical MRI scanners, may be a useful noninvasive method to establish the role of uterine contractions in pain. Cine MRI has been useful for evaluating time-dependent restricted anatomical contributions to pathophysiology in cardiac dysfunction, 5 airway obstruction, 6 and infertility. 7 Studies utilizing cine magnetic resonance on days in which women experience menstrual pain have observed increased uterine distortion artifact suggestive of myometrial movement. 8, 9 Previous reports of combined hormonal contraceptive pills relieving primary dysmenorrhea also found a decrease in distortion artifact, supporting the hypothesis that dysfunctional myometrial activity may be responsible for pain. 10 Studies using ultrasound 11 or intrauterine pressure probes 12, 13 have also suggested differences in myometrial activity across the menstrual cycle in women with and without primary dysmenorrhea. However, a primary limitation of all prior research was that the temporal relationship between myometrial activity and pain was not characterized.
Overcoming this limitation in study design could expand our mechanistic understanding of uterine pain because spontaneous cramps are the primary complaint of women who experience dysmenorrhea. The evaluation of the temporal relationship between the perception of pain and uterine physiological changes is essential for establishing causality. Thus, the current study uses MRI to evaluate the relationship between uterine pain perception and changes in myometrial signal in real time.
Materials and Methods Patients
Written informed consent was obtained prior to participation in this institutional review boardeapproved study.
Participants with dysmenorrhea and healthy controls (aged 18e45 years) were prospectively recruited from physician referral or from participation in a separate study between January 2015 and February 2017. Participants were asked to report their typical menstrual pain using the numeric rating scale (NRS; 0, no pain at all; 10, worst pain imaginable) 14 during telephone screening. For this study, eligible dysmenorrhea participants were required to report having menstrual pain greater than 5 on an NRS when not taking pain relievers. Menstrual pain was confirmed with an online version of menstrual diaries. 15 The participants reported in their diary their daily pain level, analgesic use, and heaviness of their menstrual flow (0, none; 1, spotting, vaginal blood loss that is not sufficient to require protection; 2, light bleeding; 3, normal bleeding; and 4, heavy bleeding).
The study group of participants included women with either primary or secondary dysmenorrhea (adenomyosis, endometriosis, cysts, leiomyomata). Healthy controls were required to report an average pain of less than 3 on an NRS without medication on menses.
Exclusion criteria for the study included a history of pelvic or abdominal malignancies, irregular menses (>45 days between periods), pregnancy within the prior 6 months, breast-feeding, active genitourinary infection in the previous 4 weeks, body mass index >40 kg/m 2 , an unwillingness to stop taking nonsteroidal antiinflammatory drugs on the day of the study visit, an unwillingness to have a withdrawal bleed on continuous oral contraceptives, an inability to read/comprehend a consent form in English, or standard MRI contraindications.
Study visits
Participants were scheduled for MRI evaluation during the first 48 hours of menstrual bleeding onset. Although participants were also scheduled to participate during the periovulatory phase of their menstrual cycle, some participants were not able to complete their nonmenses visit before study completion (Table 1) .
Participants filled out questionnaires to obtain complete medical, surgical, psychological, gynecological, and obstetrical history. Participants were instructed to abstain from taking shortacting analgesic medications at least 8 hours before the visit or 12 hours for longer-acting analgesics.
Upon arrival, participants were asked to rate their baseline pain on an NRS scale. Before entering the scanner, participants practiced using a handheld squeeze bulb at 50% and 100% maximal levels to reflect pain intensity graphically presented to them on a computer screen. Because 50% corresponded to 50% compression of the 6 cm diameter squeeze bulb and 100% corresponded to complete displacement of the squeeze bulb, usage of this system was intuitive for participants.
The squeeze bulb measurements were recorded using a pressure transducer with a data acquisition system with a rate of 100 samples per second, allowing for rapid scoring of the pain state in relationship to the obtained images. Bulb squeeze data were synchronized to the MRI time stamp to measure the association between self-reported menstrual pain and myometrial signal intensity.
Dysmenorrhea participants were instructed to proportionally squeeze the bulb to indicate their increased pain during a menstrual cramp. Participants were instructed to squeeze the bulb only when they experienced pain above their baseline. During scanning, participants were periodically reminded to squeeze the bulb to match their perceived menstrual pain to provide real-time self-reported pain intensity. Healthy control participants did not have pain and were instructed to randomly squeeze the bulb every 2e5 minutes to control for potential movement artifact.
MRI data were acquired on a 3.0 T whole-body scanner (Magnetom Verio; Siemens Healthcare, Erlangen, Germany) using a high-performance body coil. Before scanning, preliminary half-Fourier acquisition single-shot turbo spin echo (HASTE) imaging sequences were performed to identify a pelvic cross-section adjacent to the midline that included the endometrial stripe.
The cine MRI data were acquired in the sagittal plane with a HASTE acquisition every 2 seconds for 10 minutes with the following parameters: field of view, 206 Â 300 mm; number of slices, 1; slice thickness, 5.0 mm; matrix, 256 Â 139; echo time, 80 milliseconds; and train length, 96 milliseconds.
Image analyses
Image processing was performed using Image J (National Institutes of Health; http://imagej.nih.gov/ij). Assessment of uterine activity was performed by drawing a region of interest over the uterine corpus in a direction perpendicular to the axis of the cervix. The contrast was adjusted to visualize AJOG at a Glance Why was this study conducted? Cine magnetic resonance imaging of women with dysmenorrhea was performed to evaluate whether MRI can detect real-time changes in uterine physiology while women experience menstrual cramping pain.
Key Findings
Spontaneous progressive decreases in myometrial signal intensity were associated with cramping pain onset before or 32e70 seconds afterward.
What does this add to what is known?
These results show the temporal relationship between myometrial physiology and pain, providing a new paradigm to further characterize the mechanisms underlying dysmenorrhea.
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In the time-mode graphs, myometrial event frequency was identified by counting the episodes of changes in myometrial signal intensity over time. These episodes resembled sustained uterine contractions as reported by other investigators. 8 Because they may not represent actual contractions, these episodes were defined as myometrial events.
Two reviewers with experience interpreting uterine MRI performed the same image-processing methods independently blinded to participant and group identity. A third reviewer was consulted whenever there was a discrepancy between the 2 reviewers.
The number of uterine events for each participant was compared with interrater agreement analysis. During scanning and image analysis, MRI scans were reviewed for adenomyosis, cysts, and leiomyomata by fellowshiptrained gynecologists (>10 years' experience). Radiologists (>10 years' magnetic resonance experience) confirmed cases of adenomyosis, cysts, and leiomyomata. Leiomyomata were observed in 2 participants and cysts were observed in 2 other participants.
Pain analyses
All dysmenorrhea participants, except 1 experiencing temporary remission, squeezed the bulb for periods of 10e20 seconds throughout the MRI scans. Episodes from participants were visually identified, and the average squeeze pressure was calculated relative to cramp onset in 2 second bins. Cramp onset was defined as the first time point in which the squeeze pressure was elevated, suggesting the very beginning of a self-reported cramp. There was considerable variability in baseline and maximal menstrual pain across participants ( Figure 1A ). Because a prior study used a histogram to establish criteria for pain levels with a visual analog scale, 16 we performed a similar analysis to discriminate a threshold for cramping pain. Scaled bulb pressure was analyzed across quartiles ( Figure 1B ). Approximately 75% of identified cramping symptom events exceeded 40% of the maximal squeeze pressure ( Figure 1B) . Therefore, we used an algorithm to detect periods of 40% maximal squeeze pressure capable of detecting 75% of all cramping activity.
Statistics
A Fisher exact test was used to determine differences in proportions of subjects with or with myometrial events between the groups.
The significance of the temporal relationship was evaluated with Monte Carlo simulations. For computing the time-locked average signal during myometrial events, signal intensity for each image series was obtained over the region of interest in ImageJ. The number of !40% squeeze threshold events was computed for each time point relative to the nearest myometrial event.
Because the threshold for cramping was arbitrary, we also calculated the median squeeze pressure across all myometrial events. The threshold for significance at each time point was determined by the predicted probability using 1000 permutations of the data set with random time shifts.
Because this was a feasibility study, we aimed for the minimally recommended sample size of 10 per group for estimating variance. 17 Additional participants were added to the dysmenorrhea group to provide a minimum of 15 participants on their menses, accounting for 1 dropout to provide a sufficient number of participants (n >10) who have signal changes for time-locked analyses.
Results

Imaging features of dysmenorrhea
Women with dysmenorrhea (n ¼ 16) and healthy controls (n ¼ 10) participated in MRI scanning experiments (Table 1) .
We first analyzed the reliability of 2 reviewers, blinded to participant status, at identifying dynamic changes in myometrial signal. We readily observed episodes of focal reduction of myometrial signal progressing from the fundus to cervix (see Video, Supplemental Digital Content). An example of a series of 3 myometrial events is shown in Figure 2 .
Changes in signal intensity were specific to the myometrial layer within the uterus but were not observed in other tissue locations including leiomyomata (Figure 2 ). One other participant had a leiomyoma, but signal changes were also observed only in the myometrium, not the leiomyoma. Only 1 participant had adenomyosis, and she also had signal changes within the myometrium. 
Temporal profile of squeeze bulb during spontaneous cramps
The 25th, 50th, and 75th percentile pain scores are shown for visually identified cramps (A). The reported level of pain (0e10) was determined by self-report of baseline pain and the scaled level of squeeze bulb pressure. Consecutive cramps were profiled relative to visually identified onset (gray dashed line). The profiles of squeeze bulb pressure were generated similarly (B), suggesting a threshold of 40% could detect 75% of all spontaneous cramps. 
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Myometrial events were distinct from rapid (<5 seconds) peristalsis because they involved a prolonged (>20 seconds) 14 AE 3% reduction in signal intensity. There was a high agreement between the reviewers for identifying myometrial events in each participant on each menses scan (Kappa agreement ¼ 97%, P < .001). There was also a high correlation between the number of myometrial events identified between the 2 reviewers (r ¼ 0.97, P < .001).
Next, we investigated the relationship between myometrial events and menstrual status. Women with dysmenorrhea were more likely to have myometrial events during their menses (11 of 15) than women with dysmenorrhea off their menses (1 of 11, P ¼.0017) or healthy participants on their menses (1 of 10, P ¼ .003; Figure 3 ). The single dysmenorrhea participant experiencing spontaneous and temporary remission from menstrual pain when lying down in the scanner (no bulb squeezes) did not have any myometrial events during her menses scan.
Three dysmenorrhea participants did not have myometrial events during their menses despite having severe menstrual pain. A review of medical histories found that these 3 women had a prior history of surgically confirmed endometriosis, albeit 3 additional participants with a prior history of surgically confirmed endometriosis also had myometrial events.
On the nonmenses visit for this cohort (Table 2) , only 1 participant with dysmenorrhea had myometrial events during a nonmenses scan. Intriguingly, she reported significant bowel pain during her nonmenses scan, suggesting that the pain may have been of uterine origin.
Two healthy participants and 1 dysmenorrhea participant had been taking birth control pills during this study. However, among the participants taking birth control pills, only the dysmenorrhea participant had myometrial events.
Temporal relationship between myometrial events and pain
To examine the relationship between myometrial events and participant pain report, we generated a histogram time locked to myometrial events across all participants experiencing menstrual pain (Figure 4) . A similar relationship between signal changes and pain report was obtained by either analyzing the median squeeze bulb pressure or a predefined threshold for cramping pain. Participants reported significantly more cramping pain at the time points proximal to the start of the myometrial events and 32e70 seconds afterward (Monte Carlo P < .05).
Comment
We demonstrate an original paradigm for assessing visceral pain mechanisms, utilizing an indicator for spontaneous cramping that is time locked with continuous MRI acquisition. The spontaneous, prolonged, progressive decreases in myometrial signal intensity observed in participants with dysmenorrhea have characteristics resembling the sustained uterine contractions Images of healthy participant without menstrual pain on her menses
Example images of a healthy participant without menstrual pain on her menses are shown. The red line indicates the position of the cross-section defined for the continuous assessment (A). Unlike the participant with dysmenorrhea (Figure 2) , the cross-sectional signal was stable over a 10 minute period (B). 
Images of participant with dysmenorrhea on her menses
Shown is a representative image from a continuous series of HASTE scans (A). The red line indicates the cross-section defined for the continuous assessment. An enlarged cross-section (B) is shown over 10 minutes to demonstrate the stability and specificity of change to the myometrial layer (black arrow). Dynamic changes in myometrial signal were charted (beneath in blue) by the change in average signal intensity in the myometrial layer of the uterus. Bulb squeezing indicative of cramping pain is indicated by a red line beneath the cross-section. Our quantitative analysis demonstrates that these myometrial signal changes are temporally related to the spontaneous pain report in women with dysmenorrhea.
This paradigm detected a high proportion of subjects with menstrual pain exhibiting myometrial events, comparable with the proportion of participants with endometrial distortion and severe pain (7 of 9) in a prior study. 9 Conversely, because our study included 10 participants without a history of any menstrual pain, we were able to additionally confirm that myometrial events rarely occur in women without dysmenorrhea, even on their menses.
The decrease in signal change during myometrial events is consistent with either blood volume or water content changes, rather than the muscle contracting. Further characterization of these signal changes in women with dysmenorrhea could be used to identify vascular contributions to menstrual cramping pain by experimentally manipulating perfusion or contractility.
These myometrial events, also known as sustained uterine contractions, were originally found in pregnant women. 18 Notably, these events are distinct from uterine peristalsis that involve rapid, subtle rhythmic movement in the subendometrial myometrium. 8 Although it remains to be demonstrated how smooth muscle contractions affect MRI, computer models show that with a skeletal muscle contraction, there is a decrease in signal intensity attributed to increases in oxygen extraction. 19 Indeed, uterine contractions have high metabolic demand, potentially creating transient hypoxia. 20 The consistent report of pain immediately prior to these signal changes, and subsequent pain 32e70 seconds afterward, is consistent with the early response of uterine afferents to mechanical pain and delayed response to hypoxemic pain. 21 Recent work in a mouse model demonstrates that molecules associated with dysmenorrhea trigger uterine hypercontractility, leading to episodes of transient hypoxemia. 22 Thus, MRI during spontaneous pain is a promising approach to confirm a causative role of vascular or metabolic dysfunction in menstrual pain.
Key strengths of our research design include utilization of the real-time monitoring during menses and control for analgesic use. The inclusion of participants with primary dysmenorrhea, adenomyosis, endometriosis, cysts, and leiomyoma was also useful for demonstrating the generalizability of these results. Although all of the participants with primary dysmenorrhea, leiomyoma, or adenomyosis had myometrial events, 3 of the participants with endometriosis did not.
A key limitation of all pain research including this study is that pain is a subjective experience. 23 Despite this limitation, we are able to provide evidence that subjective experience of pain in women is temporally related to episodes of myometrial activity. This is of particular importance, given that dysmenorrhea has been historically considered a psychosomatic disorder. [24] [25] [26] [27] Given that the usage of an arbitrary pain threshold could have affected results, data were analyzed using a second method to reduce potential bias. Nevertheless, potential bias could have occurred with imaging data because the menstrual status of participants on MRI was obvious. However, it was not possible to identify differences between dysmenorrhea and healthy participants, except by the presence of myometrial events as reported here. To address the limitation of our sample size and use of a 3T scanner, larger studies should be performed on more commonly available 1.5T scanners to ensure generalizability.
Future application of our methods to evaluate other poorly responsive visceral pain conditions, including irritable bowel syndrome and pancreatitis, could expand the identification of more general mechanical, vascular, and metabolic visceral pain mechanisms. Although abdominal pain is one of the most frequent reasons for visits to the emergency room, the true cause remains unknown greater than 25% of the time. 28 Refinement of our methods and validation for other organs hopefully will spur Temporal profile of myometrial signal in relation to cramping pain
Menstrual cramps occurred more frequently immediately before, and up to 40 seconds after, a myometrial event. The average HASTE signal intensity in the myometrial layer over time was determined across all dysmenorrhea participants with myometrial events (A). The blue line indicates the median signal intensity across all images in all women with myometrial events. Error bars indicate the SEM. The median bulb squeeze pressure (B) is highest immediately before and 32e70 seconds after the myometrial event onset. The dotted line indicates the upper 95% confidence interval for above-average pressure. Thus, pressure levels above the dotted line indicate levels of pain more than anticipated by chance (P < .05). The frequency of cramping (number of episodes with >40% pressure) for each time point relative to a myometrial event was calculated (C). Whereas pressure levels indicate pain severity (B), frequency of cramping indicates the likelihood of cramping at each time point (C). The dotted line indicates the upper 95% confidence interval for the number of spontaneous cramping episodes expected by chance.
HASTE, half-Fourier acquisition single-shot turbo spin echo. 
